Reminder/recall notifications used by primary care practices increase the rates of childhood immunizations, but fewer than 20% of primary care practitioners nationally deliver such reminders. A reminder/recall notification conducted centrally by health departments in collaboration with primary care practices may reduce practice burden, reach children without a primary care practitioner, and decrease the cost of reminders/recalls. OBJECTIVE To assess the effectiveness and cost-effectiveness of collaborative centralized (CC) vs practice-based (PB) reminder/recall approaches using the Colorado Immunization Information System (CIIS). INTERVENTIONS In CC counties, children who needed at least 1 immunization were sent as many as 4 reminders/recalls by mail or autodialed telephone calls by the CIIS. Primary care practices in these counties were given the option of endorsing the reminder/recall notification by adding the practice name to the message. In PB counties, primary care practices were invited to web-based reminder/recall training and offered financial support for sending notifications.
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One method of increasing these rates that is well supported by evidence 4, 5 and is currently recommended by the Task Force on Community Preventive Services 6, 7 is the use of reminder/recall notification. A reminder/recall notification by primary care practices has been associated with increases ranging from 5 to 20 percentage points. However, owing to numerous barriers, use of reminder/recall notification by primary care practices nationally has been less than 20%. 8 In recent years, state immunization information systems (IISs) have been used to identify children who are in need of immunizations, potentially simplifying reminder/recall efforts. However, even when practices have access to an IIS and support in the use of an IISbased reminder/recall system, studies suggest that only 14% to 21% of practices report willingness to use a reminder/recall system. 9, 10 One study 11 found that recall efforts conducted centrally by the state health department using the state IIS were more effective and more cost-effective than efforts to instruct and incentivize practices to conduct recall notification for their patients. The present study expanded the centralized reminder/ recall approach to include a collaborative component between the health department and primary care practices. Our primary objectives were to compare the effectiveness and costeffectiveness of a collaborative centralized (CC) reminder/ recall approach with that of a practice-based (PB) reminder/ recall approach for increasing immunization rates among preschool-aged children. We hypothesized that, from a population perspective, the CC approach would be more effective and more cost-effective than the PB approach. In addition, within the counties randomized to the CC arm only, we compared the following secondary outcomes: (1) costs per contact and marginal costs for autodialed vs mail contact modalities, (2) effectiveness and cost-effectiveness of 2 protocols for a CC reminder/recall approach, and (3) effectiveness of the CC reminder/recall approach with vs without endorsement by the primary care practice.
Methods
We conducted a stratified (rural and urban strata) clusterrandomized pragmatic trial in 15 counties in Colorado, with randomization at the county level. We followed the criteria established for National Institutes of Health-funded pragmatic trials 12, 13 in designing the trial and analyzing the data.
The study was approved by the Colorado Multiple Institutional Review Board. The expedited protocol did not require informed consent.
Settings and Study Participants
Colorado IIS The Colorado IIS (CIIS) receives client and vaccination event data through live data entry into the web-enabled application and through electronic transfers from data sources maintained by health care practitioners, state vital statistics, and insurers. The CIIS also includes historical data about immunizations given outside the state if entered by a Colorado practitioner or school. Colorado is not a mandatory reporting state; however, the percentage of children younger than 6 years with at least 2 records in the CIIS was 99% at the time of the study.
14 All public health entities, 91% of pediatric practices, and 74% of family medicine practices in Colorado were enrolled in the CIIS in 2013.
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Selection of Participating Counties and Randomization
We originally selected 16 (8 urban and 8 rural) Colorado counties of a total of 64 based on similar prespecified criteria 15, 16 ( Table 1 ) and because they did not have characteristics that could confound the trial, including (1) existing countywide reminder/recall efforts (6 rural and 4 urban), (2) low CIIS saturation rates (<70% of children aged 3 years with ≥2 immunizations) (10 rural and 4 urban), and (3) frontier counties with fewer than 6 people per square mile (23 counties). Eight counties were randomized to the CC and 8 counties to the PB reminder/recall arms using constrained covariate randomization based on practice and county characteristics that might influence outcome measures (ie, percentage of children in the CIIS, number of children aged 19-35 months, percentage of children whose immunizations were up-to-date (UTD) at baseline, percentages of Hispanic and African American children, mean income, ratio of pediatric to family medicine practices, and number of community health centers) ( Table 1) . [17] [18] [19] [20] After randomization, 1 county in the CC arm had to be excluded because 32% of children in the county were covered by military insurance, and we discovered that records for these children were not being uploaded into the CIIS. 21 This factor would mean excluding approximately 8500 of children aged 19 to 35 months; therefore, this county was excluded.
Denominating Study Population
The study used CIIS county-level reminder/recall functionality to identify children aged 19 to 35 months as of September 7, 2012, through March 17, 2013, with an address in one of the study counties and who appeared to need at least 1 immunization. This method included children born in Colorado and those who moved into a study county if they had received an immunization entered into the CIIS. Because the CIIS is populated from vital statistics, it also included children who were born in the county but whose primary care practitioner did not enter information into the CIIS, thereby providing the best population estimate of all children within the county. The study population was fixed from this point, and children who moved into or out of the counties after this time were not added to or subtracted from the study population. This method meant that children who moved might have been inappropriately assigned during the study period; however, the potential bias was likely to be balanced between the study arms.
CC Reminder/Recall Approach
Collaborations were developed within the first year of the project by completing 37 in-depth interviews with primary care physicians, CIIS leaders, health department leaders, and parents. Based on a summary of these data, an advisory panel of 15 physicians, health department leaders, and parents agreed that practices could collaborate by (1) including their name and telephone number on the centralized reminder/recall notifications along with local health departments (endorsement) and (2) updating addresses or telephone numbers once the reminder/recall effort was under way. Patients in the CC arm were subsequently randomized at the patient level into the following 2 protocols: (1) an autodial/mail protocol and (2) a mail-only protocol. Using intention to treat, families were randomized regardless of whether the child had a telephone number listed in the CIIS to determine which strategy was most effective on a population level. Patients in the autodial/mail arm received 2 autodialed calls (if they had a telephone number in the CIIS) followed by as many as 2 postcards during a 4-month period. If they had no telephone number, they received as many as 4 mailings but were retained in the autodial/mail protocol. Patients in the mail-only group received 1 letter and as many as 3 postcards approximately every 6 weeks. Families were removed between contacts if the child was determined to have UTD immunization status. Parents could call a toll-free number or send an e-mail to have their child's name removed from the recall list.
PB Reminder/Recall Approach
All practices in this study arm that participated in the CIIS were sent as many as 8 invitations to attend webinar training on reminder/recall notification using the CIIS. The training recommended that the practices send reminder/recall notifications to children aged 19 to 35 months and follow methods similar to those in the CC approach. Practices were offered financial reimbursement for mailing costs or the costs of generating autodialed reminder/recall messages for children 
Outcome Measures
The definition of UTD was based on the series of antigens (4:3:1:3:3:1:3) recommended by the National Advisory Committee on Immunization Practices to be received by 19 to 20 months of age. 16 The primary study outcome was documentation of any new vaccine within 6 months among children aged 19 to 35 months whose vaccination status was not UTD. This outcome could include receipt of a vaccine or documentation of a previously received vaccine because both might be attributed to the reminder/recall effort. Secondary measures included achieving UTD status, cost-effectiveness comparisons of the 2 interventions, and the effect of practice endorsement on the primary outcomes.
Statistical Analysis
The study was powered to detect an absolute difference of 5 percentage points in documentation of a new immunization among children whose vaccination status was not UTD at baseline between the 2 arms. The α value was set at .05 for the primary outcome. For secondary comparisons, we applied the Bonferroni correction for multiple comparisons. The 3 secondary outcomes were assessed using an α value of .0167. The final eligible cohort was established by matching child identification numbers from the follow-up CIIS database obtained March 17, 2013, to the baseline cohort database from September 7, 2012; 99.7% of children initially identified had a record in the follow-up database. Default site of service was defined at the beginning of the trial as the site to which the child was attributed in the immunization registry and did not change during the trial. All major analyses were intention to treat. We modeled 2 immunization outcomes using generalized linear mixed-effects models (PROC GLIMMIX) 22, 23 with the logit link function. Default site of service was included as a random intercept to account for the clustering of patients within practices if the number of children was sufficient. However, numerous practices had few patients, and model convergence was problematic in the preliminary analysis. Thus, for smaller practices, patients within a county and single practice type (eg, private) were assigned to a single practice cluster. The fixed-effect variables that were included in all multivariable models were study arm (CC vs PB), county baseline UTD rates, and rural or urban location. We adjusted for baseline UTD rates because the effectiveness of reminder/recall notification could vary based on initial rates owing to a ceiling effect. We also compared the CC reminder/ recall approach with and without practice endorsement using generalized linear mixed-effects models. All analyses were performed using commercially available software (SAS, version 9.4; SAS Institute, Inc).
Cost-effectiveness Methods
The cost-effectiveness of the reminder/recall methods was compared between the CC and PB intervention arms and within the CC arm between the 2 reminder/recall protocols from the perspective of the state for the CC approach and the perspective of the practice for the PB approach. The total intervention costs directly related to conducting reminder/recall efforts for each arm were determined and then compared with the primary outcomes to determine the cost-effectiveness of each method. The activities and associated costs for the CC and PB reminder/recall approaches were identified by contacting personnel through telephone interviews to determine their position title and to estimate the amount of time spent on reminder/recall activities. Personnel wages were estimated using median hourly wages for the relevant position titles reported by the Bureau of Labor Statistics for the State of Colorado in 2011, 24 and benefits were estimated at 30%. Nonpersonnel costs were identified through vendor invoices. The activity areas for the CC reminder/recall approach included (1) consensus building, (2) training, (3) data quality, (4) implementation of the notifications, and (5) collaboration. Cost activity areas for the PB reminder/recall approach included (1) training, (2) data quality, and (3) implementation of the notifications. A subanalysis of costs was conducted to determine the cost per contact by contact method (autodialing vs mail) within the CC reminder/recall arm. Costs for the 2 CC reminder/recall protocols were then derived based on the number of contact types in each protocol (intention to treat) and by applying a common factor for other reminder/recall activities, generating cost-effectiveness estimates.
Results
Of the 39 428 children residing in the 15 study counties as of September 7, 2012, 18 235 (46.2%) needed at least 1 immunization according to the CIIS (Figure 1) . Baseline characteristics of the counties and patient populations in the CC and PB reminder/recall arms are presented in Table 1 . Most of the practices (80.7%) in the CC arm that had patients with incorrect addresses or telephone numbers after the first round of reminder/ recall notification (as evidenced by returned mail or indication of a nonworking telephone) assisted with patient contact updates. Initially, 41.3% of contact addresses or numbers were incorrect. Updating by the practices decreased incorrect contact information to 25.5%. No known adverse outcomes were related to the reminder/recall interventions.
Comparative Effectiveness of CC vs PB Reminder/Recall Approaches
The percentage of eligible children who appeared to have received at least 1 reminder/recall contact (telephone or mail) was 7873 of 9049 (87.0%) in the CC reminder/recall arm. Because only 2 practices conducted reminder/recall notifications in the PB arm, the reach in this arm was 75 of 9186 (0.8%). The percentages with any new vaccine or achieving UTD immunization status were significantly higher in the CC counties com-pared with the PB counties ( Figure 2 
Cost-effectiveness of CC vs PB Reminder/Recall Approaches
The total costs for implementing reminder/recall notifications in each arm are shown in Table 2 . Because only 2 practices conducted reminder/recall in the PB arm, the overall implementation costs were much lower here. However, for the purposes of the cost-effectiveness analysis, the number of eligible children represented by these 2 practices was 75 compared with 9049 eligible children in the CC reminder/recall arm. When we compared the costs per primary outcomes, the cost per child receiving any vaccine was more than 6 times higher and the cost per child achieving UTD immunization status was 5 times higher for the PB compared with the CC reminder/ recall approaches ( Table 3) .
Secondary Outcomes for the CC Reminder/Recall Arm Cost per Contact Type
The mean cost per contact for mail was $0.73 and, for autodialing, $0.53. The marginal costs for mail and autodial contacts were $0.68 and $0.15 cents, respectively.
Effectiveness and Cost-effectiveness of CC Protocols
Children in the CC counties were randomized to the autodial/ mail group or to the mail-only group (Figure 1 ). Of those in the autodial/mail group, 1899 (42.0%) did not have a telephone 
Effectiveness of CC Reminder/Recall Approach With vs Without Practice Endorsement
In the 7 CC counties, 229 of the total 268 practices (85.4%) used the CIIS and were invited to include their practice name on the reminder/recall notices or autodialed messages; 129 (56.3%) agreed. Among the 3067 children in practices that endorsed the reminder/recall notification, 32.1% received a vaccine compared with 24.2% among the 5982 children in practices that did not endorse the reminder/recall notification (P = .01). Comparable percentages for achieving UTD immunization status were 19.2% vs 9.5% (P < .001).
Discussion
This study demonstrated greater effectiveness and costeffectiveness of a CC IIS-based reminder/recall approach compared with a PB reminder/recall approach for increasing rates of immunization among populations of preschool-aged children. When a telephone number was found in the CIIS, beginning with autodialed messages and then adding mailings decreased cost without decreasing effectiveness. However, costs would have been much lower if the CIIS were better populated with telephone data and if the accuracy of all contact data could be increased. Endorsement of CC reminder/recall activities by the inclusion of the practice name in reminder/ recall messages appeared to increase the effectiveness of a CC reminder/recall approach. The effect sizes seen in the present trial, although modest, are important from a public health perspective. However, they are lower than those of a previous county-based trial among preschool-aged children, 11 which showed a 9% absolute difference in receiving any immunization and a 6.4% difference in the rate of achieving UTD immunization status between centralized and PB approaches. Differences in the effect sizes may result from higher baseline UTD rates in the present trial (14 absolute percentage points), differences in the participating county populations, or immunization delivery interventions of which we were not aware in PB counties. The present and former trials, 11 however, were equally strong in demonstrating the substantially higher cost-effectiveness of a CC vs a PB approach to reminder/recall notification. the present study and others 10, 25, 26 demonstrate that few practices are willing or able to conduct these efforts without external support, even if financial incentives are provided. Although our study did not examine the reasons for lack of participation in the PB counties, other studies have shown that barriers to an IIS-based reminder/recall approach have included lack of awareness of baseline immunization rates resulting in a lack of perceived need for reminder/recall notification, distrust in the accuracy of IIS-generated data, time and personnel constraints, the need for training and retraining of personnel, and difficulties with execution of reminder/recall notification using the IIS. 10, 26 We must consider the acceptability of centralized reminder/ recall approaches to practitioners and parents. Recent survey data in the counties in which this trial was conducted 27 demonstrated that most physicians (56%) preferred that the health department, rather than their practice, conduct reminder/ recall notifications centrally, and only 15% reported that they would be bothered if this occurred. Among parents in counties that were not part of a CC reminder/recall appproach, 28 at least half of those surveyed had no preference for whether the health department or their child's physician sent them reminder/recall notifications, and, overall, 89% were supportive of the health department sending the notifications. The inclusion of the practice's name in a CC reminder/recall notice may garner the support of physicians and patients who prefer the practice's involvement. Indeed, our study suggests that CC reminder/recall notifications with endorsement by the practice may be the optimal method of a population-based reminder/recall approach. Although endorsement was not randomized in the present trial, allowing for potential selection bias, effectiveness of the CC reminder/recall approach was similar to that of the PB reminder/recall approach if the practice's name was not included and substantially higher if it was. These results differed from those of an earlier trial that showed higher effectiveness of a CC reminder/recall notification without any practice endorsement, 11 suggesting the need for further exploration of the effect of endorsement in a randomized clinical trial.
Our data demonstrate the additional savings that could be realized if more autodialed reminder/recall notifications or other mobile health methods could be used rather than mail. Additional studies are required to find the optimal number of messages needed by various methods to minimize costs while maintaining effectiveness. The costs of updating inaccurate mail and telephone data in our study underline the major cost savings that could be achieved if automatic uploading of electronic contact data within practice administrative databases into the IIS could occur on a routine basis. If multiple telephone numbers and e-mails were routinely collected by practices, and, with the family's consent, these data could be included with uploads, substantial efficiencies in reminder/ recall notification could result.
These data have important strengths and limitations. The trial was population based, and we were able to measure effectiveness and cost-effectiveness for entire counties. Estimates of the denominator for the counties were not exact, although the degree of uncertainty should be similar between the 2 study arms. The number of practices that chose to perform reminder/recall notifications in the PB counties was small; therefore, our cost estimates for the PB reminder/recall approach must be interpreted with caution. However, the costs of conducting reminder/recall notification per practice were similar to those of a previous trial in which cost estimates were based on data from 10 practices, 11 suggesting relatively consistent estimates. In the CC reminder/recall arm, practices could choose to endorse the notification and were, therefore, a potentially biased group compared with practices that did not endorse the notification. Our study was also limited to a single-state IIS; results in states using IISs with different forecasting and reminder/ recall capabilities could differ. We were unable to track any reminder/recall efforts that did not use the IIS in both arms of the study. As with most pragmatic trials, the practices and the patients were not blinded to the interventions received. Finally, because participation in the CIIS is voluntary, incomplete data entry into the CIIS undoubtedly resulted in artificially low immunizations rates at baseline and after the intervention in all counties, although we would not expect these rates to affect the comparisons reported.
Conclusions
Our findings and those of previous studies 11,27,29 support consideration of a CC compared with a PB reminder/recall approach to increase immunization rates during the preschool 
